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A3S RACT

This report describes a decision mnalysis framework for evaluating seismic
verification options for a Comprehensive Test Ban Treaty (CTBT). In addition to
oroviding policy makers with insights into the relative merits of different options, the
framework is intended to assist in formulat ng and evaluating political decisions--such as
responses to evidence of violations--and 1 setting research priorities related to the
options.  To provide these broad analy ical capabilities to decision makers, the
framework incorporates a wide variety o issues. These include seismic monitoring
capabilities, evasion possibilities, evidence | roduced by seisimic systems, U.S. response to
the evidence, the dependence between U.S. and Soviet decision-inaking, and the relative
values of possible outcomes to the U.S. anc the Soviet Union. An added benefit of the
framework is its potential use to iinptove communication about these CTBT verification
issues among LS. experts and decision mak: rs. The framework has been implemented on
a portable inicrocomputer to facilitate thi communication through demonstration and

rapid evaluation of alternative judgments an:l policy choices.

The report presents the framework an | its application in four parts. The first part
describes the decision analysis framework « nd the types of analytical results produced.
In the second part, the framework is used tc¢ evaluate representative seismic verification
options. The third part describes the resul s of sensitivity analyses that determine the
relative inportance of the uncertainties r subjective judgments that influence the
evaluation of the options. The fourth (¢hd final) part summmarizes conclusions and
presents imptlications of the sample analytic | results for further research and for policy-
naking related to CT3T verification. The fourth section also describes the next steps in

the developinent and use of the decision anal ssis framework.
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[. INTRCDUCTION

BACKGROUND

For almost thirty years the United States, the Soviet Union, and the United
Kingdom have been discussing a Comprehe 1sive Test Ban Treaty (CTBT), which would
prohibit all testing of nuclear weapons and ali applications of peaceful nuclear
explosions. Although the mmost recent round >f negotiations began in 1977 and recessed in

1980, there continues to be widespread inter ational interest in a CTBT.

The debate over the desirability of a CTBT has focused on a few key issues.
Foremost is the contention that a CTBT would slow the arms race and retard nuclear
proliferation. [Early discussions centered c 1 the issue of possible clandestine tests and
the adequacy of verification capabilities. I owever, from the beginning, opponents have
argued that testing is needed to provide ¢ 1 invulnerable deterrent (Teller, 1961), and
there has always been general skepticism 1bout a test ban treaty. This position has
received rmore support under the Reagan ad 1inistration and discussion has shifted to the
value of nuclear testing in developing new v eapons or testing those in the stockpile, and
maintaining nuclear weapons design capabili y. This change in emphasis does not reflect
a belief that verification issues have been s. Ived but rather that there are differences in

the priorities of the Reagan adminis -ation compared to those of previous

administrations.

The emphasis one places on these issues determines the desirability of a CTBT. In
fact, opposite conclusions regarding the deirability of a CTBT can often be obtained

based oniy on different opinions about the a :equacy of verification capabilities (Scribner
et al. 1985).

Throughout the debate, much attent 5n has been given to seismic verification
capabilities. xisting seisiic stations outs.de U.S. and Soviet borders can detect and
identify large underground nuclear tests, bu there are various ways to evade detection,
For example, it is possible to detonate a lo /-yield (e.qg., 1-kt) device deep underground

within a large cavity, thereby decoupling the energy source from the medium that



transmits the seismic signals to the monitoring station. This technique dramatically
reduces the signal strength, thereby lessenin: the ability of external seismic stations to
detect and identify nuclear tests. Other e¢wvasion schemes that have been discussed
extensively include simulating earthquake wave forms by detonating multiple nuclear
explosions appropriately distributed in space and time, and hiding the signals from the
explosion in the signal of an earthquake. Ilih-country seismic stations, because of the
proximity of the station to the potential evcsion site, allow the use of multiple seismic
waves to detect and identify evasion attem|:ts. While all of the evasion schemes pose
challenges that must be considered when =valuating the verification capability for
monitoring a CTBT, cavity decoupling poses the greatest monitoring challenge for the in-

country network (Hannon 1986).

Extensive analyses of the technical performance of in-country seismic systems
under a range of scenarios have been completed by Evernden (1976 aq,b,c); Sykes and
Evernden (1982); Hannon (1983, 1985a); Sy<es, Evernden, and Cifuentes (1983); and
Evernden et al. (1986). The earliest analyse:. were based on detection capabilities using
seismic monitoring practices and frequencics (I Hz) current at that time. The latest
analysis by Evernden et al. (1986) is based or the promising possibility that monitoring at
higher frequencies (up to about 30 Hz) will significantly enhance seismic detection and

identification capabilities of underground exf 'osions.

While there is lack of agreement ab wt whether the high-frequency monitoring
capability is proven or even feasible (Hanron, 1985b; Evernden, 1985), it is generally
agreed that detection of fully decoupled | kt explosions will require an extensive in-
country network of seismic stations. Hanrn (1983) has estimated that 30 in-country
array stations will be required to meet the -kt objective using conventional monitoring
frequencies; Evernden et al. (1986) estimute that approximately 25 high-frequency
stations will be sufficient. However, sut:tantial differences of opinion exist as to

whether such a monitoring capability can srovide acceptable verification of a CTBT
(Weisburd, 1985).

In addition to the uncertainties regardi g seismic monitoring capabilities, there are

numerous other verification-related issues. | or example, there are nonseismic sources of



evidence that may improve verification capubilities: e.q., intelligence information or on-
site inspections. When judging the abiliiy to verify compliance with a CTBT, the
capabilities of these sources should be cons dered along with the capabilities of seismic
systems. There are also political issues that need to be considered. These might
include: how willing are we to respond to evidence of a violation, how much ambiguity in
the evidence can be tolerated, and what ire the implications of responding to false
indications of treaty violations? A related issue is the dependence of one party's
decisions to comply or to violate on perceptions of the other party's ability to detect and

respond to violations.

There are also numerous value judgme its that must be made when determining the
adequacy of a verification system. For example, one must consider the values to the
U.S. and the Soviet Union of mutual treaty compliance, successful evasion by one party
or the other, exposure of actual violations, ¢ - the accusation of a violation when, in fact,
the other side is complying with the treaty Finally, the cost and intrusiveness of an

effective in-country seismic system cannot t 2 ignored.

The list of factors, uncertainties, and ralue judgments that must be considered is
long, and the issues are complex. To make ¢ yod decisions, policy makers need more than
intuition. If they rely on advice from techn :al experts in only one area such as seismic
inonitoring, the policy makers may be igno ing equally important consideration of the
other issues listed above, or they may be ac::epting implicitly a technical expert's value
judgments in areas outside his or her field of :xpertise. If, instead, policy makers consult
a variety of experts, they need an effectiv way to integrate the experts' information

and to ensure consistent treatment of the many interrelated factors.
FVALUATION FRAMEWORK

To help policy makers integrate facts a d judgments and evaluate them effectively,
we have developed an analytic framework that facilitates systematic evaluation of
alternative seismic monitoring networks for ¢ CTBT. The framework is based on decision
analysis imethodology. It is intended to assist policy makers in formulating and

evaluating political decisions and research ¢ ternatives related to verification options.



The framework incorporates the wide variety «f issues discussed above, including seismic
monitoring capabilities, evasion possibilities, e vidence produced by seismic systems, U.S.
response to the evidence, the dependence between U.S. and Soviet decision-making, and

the relative values of possible outcomes to the 'J.S. and the Soviet Union.

The framework can be used to quantif . the effectiveness of seismic monitoring
systems. We use several measures of eftectiveness, including the probability of
identifying a clandestine test if it occurs, the number of false alarms, the number of
ambiguous (unidentified) seismic events, the appropriateness of the U.S. response to
evidence, and the likelihood of deterring treal 7 violations. In addition, a single nurmber--
overall net value of the verification system-- an be obtained by a combined weighting of
the above performance measures with value and cost judgments. The value judgments
include the relative importance of three brocd verification goals: deterring violations,
assuring timely detection if deterrence fails, and building confidence in the verification
system and the treaty itself. The analysi of cost can take into account capital,
operating, and research and analysis costs, a. well as less tangible impacts such as the
intrusiveness of in-country stations or th: negotiability of some aspects of the

verification system.

The primary advantages of the framewark are that it provides a systematic method
for investigating technical issues and integrating technical information, examining value
and cost tradeoffs, and analyzing the sensit vity of results to alternative judgments on
technical, value, or cost factors. Use »f the framework can thereby improve
communication about CTBT verification aming U.S. experts and decision makers, The
framework has been implemented on a port ible microcomputer to allow demonstration
and rapid evaluation of dalternative judgn-ents and policy choices. For technical

documentation of the decision analysis compu ter model, see Strait and Sicherman (1986).

REPORT ORGANIZATION

The remainder of this report describes *he framework and illustrates its application
to the choice among seismic verification »ptions. We present this material in four

parts. in the first part we describe the dezision analysis framework and the types of



analytical results produced. In the second, wve apply the framework to the evaluation of
representative seismic verification options :ind provide an illustrative evaluation of the

options,

In the third section we describe the r:sults of sensitivity analyses that determine
the relative importance of the uncertaintie: or subjective judgments that influence the
evaluation of the options. The sensitivity unalysis helps to focus attention on the most
impertant uncertainties or judgments and thareby aids policy makers in choosing research
priorities and goals for negotiation. For ex.imple, the analysis described here highlights
the technical and political difficulties associated with the monitoring of low-magnitude
events and the importance of judging the sigiificance of low-yield treaty violations. The
analysis also provides insight into the neces«ity of a sound approach for interpreting and

responding to evidence supplied by the monit iring system.

In the fourth (and final) section we su nmarize conclusions and the implications of
the sample analytical results for further res arch and for policy-making related to CTBT
verification. In this section we also describi: the next steps in the development and use

of the decision analysis framework and the L boratory's current activities in that area.



2. DECISION ANAL™ SIS FRAMEWORK

Faced with choosing among seismic verification options, a policy maker should
consider the wide range of interrelated factors listed above. In practice, the decision
maker probably will be provided with technical data and an estimate of uncertainty for
some factors, such as seismic capabilities ani' the type of monitoring evidence produced
by various seismic systems. However, tlve decisions also will involve subjective
judgments about factors such as: the interpretation of monitoring evidence; the impact
of U.S. responses to evidence of violation:; estimates of the evader's cost/benefit
analyses of complying with or violating the treaty based on their perceptions of our
capabilities; and, findlly, the relative values of assurance, deterrence, and confidence

verification goals and the costs of the options

The decision analysis framework excnines each of these considerations and
provides a model for incorporating all of them into the quantitative evaluation of
options. This model includes factors for which technical data will be available as well as
those judgments that are inherently subjectiva. The following paragraphs describe each
component of the framework and a sampling of the type of input data required. The
organization of these components and som 2 of the interrelations among them are

illustrated in Fig. 1.
VERIFICATION SYSTEM DESCRIPTION

The verification system element of the framework is simply a description of the
technical capabilities of each alternative. For example, in the illustrative application
the options range from the present-day seis nic detection capability to systems more
capable of detecting low-magnitude events. The present-day capability is limited to
national technical means (NTM), which inciude external (or teleseismic) monitoring

stations plus intelligence-gathering sources su h as satellites.

The other options considered all emplc /s in-country seismic stations to augment
current NTM capabilities. The first represent itive system is called a Simple network; it

comprises |0 simple in-country seismic st tions. The Simple network is roughly



Verification system Evaluation

/Q\ S
7 \ National

technical
In-country means Value Cost
Monitoring evidence U.S. response
Strong
{ None
Soviet action
L.- -. Py
Violate Comply

Figure |. Major components and interrelat anships in our decision analysis model for
evaluating options for verifying compliance w th a Comprehensive Test Ban Treaty. The
model combines technical factors (e.g., d-tection capabilities, natural seismicity),
uncertainties (e.g., Soviet action to compl, or violate), and value judgments (e.g.,
relative merit of detecting violations vs avoid ng false alarms).



equivalent to the network under discussion during the negotiations that recessed in 1980
(York, 1983). The second representative optin is called the Array network; it comprises
30 in-country array-type stations. The Arra. network is more extensive (and therefore
may be more intrusive) than the Simple network option. The arrays take advantage of
the fact that data recorded at individual sensors can be combined in various ways to
enhance signal-to-noise characteristics and thereby improve detection capability. Other
approaches for improving the signal-to-noise ratio include using high frequencies at
single borehole sites. Future networks might contain both types of stations, depending on
their relative performance in specific ervironments and against specific evasion
schemes. For purposes of this discussion, the array network can be regarded as broadly
equivalent to the most capable systems currently discussed, for example, by Hannon and

Evernden.

Typical verification system inputs for these three alternatives are illustrated in
Fig. 2. The inputs are probabilities of dete :tion for events of increasing magnitudes.
Note that the Array system has the high:st likelihood of detecting low-magnitude
events. Later, we will use a single detectic 1 magnitude to represent each system; the
point we will use is the median (0.5) of the probability distribution on detection

magnitude. From Fig. 2 these representative points are:

NTM 3.6
Simple 3.3
Array 2.4,

The probabilistic nature of the input reflects the inherent uncertainty in detecting
seismic events of various magnitudes. Tc¢ complete the description of the seismic
system, detection probabilities are combincd with data on the ability of the seismic
system to identify whether a seismic ever' is an explosion or an earthquake. (This

feature is also referred to as discrimination ¢ 1pability.)

Traditional analyses of seismic verific tion systems include the types of detection
and identification data described above. Tynically, the traditional analyses "stop here,"

and technical experts and policy makers are often left to intuitive consideration of the
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Figure 2. lllustrative input data for three v rification systems. System capabilities are
measured by the probability of detecting sei:mic events of various magnitudes anywhere
in the Soviet Union. The Array system cornsists of a network of 30 stations inside the
Soviet Union, with each station comprising a array of seismometers. The Simple system
is a countrywide network connecting 10 sin;le seismometers. The current system uses
only national technical means (NTM) (satellites and seismometers located outside the
Soviet Union).



wide range of additional factors represented 1 Fig. I. In our framework, however, these
additional factors are incorporated explicitly. For example, to complete the analysis in
the verification system component, estimat:s of seismic detection and identification
capabilities are combined with estimates of capabilities of auxiliary information sources
to support (or refute) seismic evidence. Auxiliary information is assumed to be available
from intelligence sources as well as from on-site inspections at locations of suspected

violations.

These descriptive data on the monitoring systems are input to the monitoring

evidence component. The input relationship i« illustrated by the arrow in Fig. 1.
MONITORING EVIDENCE COMPONENT

The monitoring evidence component es imates the quantity, quality, and nature of
evidence produced by the seismic system (ard auxiliary sources) when confronted with
various seismic events in the Soviet Union. These events include natural seismic activity
as well as man-made activity, such as chemic| explosions and possible Soviet clandestine
nuclear tests. The current model examines natural seismicity and Soviet clandestine

nuclear tests. Chemical explosions could be i icluded in future models.

Input to the monitoring evidence compcnent includes, as stated above, estimates of
natural seismic activity (frequency of events versus magnitude) and hypotheses about the
number and yield of nuclear tests the Sovizts might conduct if they did violate the
freaty. The input data on potential Soviet te:its are based on a judgment of the smallest
number and yield that would be militarily or politically significant. We assume smaller
numbers or yields need not be detected by t' e verification system. A useful feature of
the model is that a single Soviet clandestine testing strategy need not be determined in
advance; a variety of Soviet strategies can b entered and the model will select the best

strategy from the Soviet perspective.

-1(0-



U.S. RESPONSE COMPONENT

The next important consideration is ha'v the U.S. might respond to various levels of
evidence. Possible .S, responses to persua:.ive evidence of violations range from strong
actions to milder actions, which might be dictated by overriding political
considerations. By strong action we mean, for instance, abrogating the treaty and
resuming nuclear testing. In response to less convincing evidence of violation, the

framework allows no U.S. response or milder actions, such as issuing a demarche,

Our framework examines this issue fc- two reasons: (1) because the verification
system basically produces information, th: best way to measure the value of the
information is to examine how it can affec U.S. decisions; and (2) because we believe
that Soviet actions will be influenced strongiy by their perceptions of our response. For
example, if the Soviets perceive that the U.! . will not respond even if the Soviet Union is
caught violating the treaty, they are less lik Iy to comply with the treaty. Similarly, the
Soviets may lose the incentive to comply f they perceive that the U.S. is likely to
receive false information from the seismi. system and subsequently take strong but
unwarranted actions based on the false infol nation. Thus, the U.S. response component
plays an important role in analyzing possible U.S. responses to monitoring evidence, and
this component therefore has a major infl. :nce on the likelihood of Soviet actions to

violate or comply with the treaty.

The 'U.S. response component has impc rtant but conceptually simple inputs. Many
of these are in the realm of subjective polit :al judgment and, because they are difficult
to quantify, they are less amenable to tech .ical analysis and validation. Inputs to this
model are the likelihoods of various U.S. actions as a function of the strength of evidence
produced by the seismic system and auxiliar + sources. Figure 3 illustrates sample input
for the U.S. response decision. The deter nination of an actual curve would require
careful consideration by senior officials, ind it would vary with the state of the
relationship between the U.S. and the Scriets. Three categories of response are
included: no action, strong action (such as a rogating the treaty), and mild action, which
in a specific instance imight mean issuing a cemarche. For a given level of evidence, the

probabilities of strong, mild, and no actior are measured as the vertical distances as
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Figure 3. Sample input data for the U.S. response component of our decision analysis
model. The probability of a given U.S. resporise depends on the strength of the evidence
of treaty violations. The strength-of-evidence axis can be interpreted as the likelihood
that the monitoring evidence cannot be explc-ined by earthquakes. The probabilities of
strong, mild, and no action are measured us vertical distances, as indicated on the
graph. This type of judgment regarding U. . responses is critical to the choice of a
verification option,



indicated on the graph. The strength-of-¢vidence axis refers to evidence of a treaty
violation, As we will discuss later, the method the U.S. uses to judge the strength of

monitoring evidence is a crucial CTBT verifi :ation issuve.
SOVIET ACTION COMPONENT

The fourth component is the Soviet a:tion component. As mentioned above, this
component examines the likelihood of Sovie violation or compliance with the terms of
the treaty. This component of the framev.ork provides an opportunity to incorporate
important judgments about Soviet behavior «1d thereby allows quantitative measurement
of the deterrence capabilities of verificati :-n options. Although the abrogation of, or
withdrawal from, a CTBT by the Soviet Unio is a distinct possibility, it is not considered

explicitly in our model.

Important dependencies among the moitoring evidence, U.S. response, and Soviet
action components are illustrated by the ariows in Fig. |I. In fact, the relationship is
interactive: Soviet actions violating or cor-plying affect the seismic activity and the
monitoring evidence and thus affect the prot able U.S. response, which in turn is a factor
in the Soviet decisions. The interaction is, it best, difficult to analyze, and, at worst,
infractable. Nevertheless, the interaction s central to freaty verification decision-~
making. ‘We believe that our model of thi interaction represents a significant step

forward in the ability to analyze this importai't verification issue.

The model of the interactions between J.S. and Soviet decisions is organized in the
same order as this written description: tk: U.S. puts in place a seismic system to
generate monitoring evidence that leads t a U.S. response. Once that system--
monitoring equipment and planned respon-es--is tn place, the Soviets assess its
capabilities, along with other military and pol tical information, and then decide whether

to violate or comply with the treaty.

The primary inputs to the Soviet action component are the relative values of
possible outcomes to the Soviets. Some f these values and their meanings are

itlustrated on the decision tree in Fig. 4.

Z13-



Soviet action U.S. response Soviet values U.S. values
Stront
rony 20 25 —
Violate Assurance
value = 25
None 80 0
Strongﬁ_ 0 80
Confidence-
Comply building
value = 20
None 100 100 <«—

Deterrence value = 75

Figure 4. Probability tree with sample input value judgments for the Soviet action and
evaluation components of the model. Four possible outcomes are depicted, along with
illustrative relative values to the Soviet Unicn and the U.S. Estimates of Soviet values

are critical in determining the deterrence effects of verification systems.

U.S. values

reflect judgments of the relative benefits of the deterrence, assurance, and confidence-

building aspects of a verification system.
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The tree in Fig. 4 enumerates four possible outcornes for Soviet actions and U.S.
responses. The Soviets could violate or comply with the treaty; the U.S. could take
strong or no action in response. (For :implicity, we have ignored the mild U.S.
response.) The first column to the right of the tree shows illustrative weighting values of
the importance to the Soviet Union of the four outcomes. The values reflect a judgment
that the Soviets place the highest value on inutual compliance, the second highest value
on successful (unchallenged) evasion of the treaty, the third highest on detection while
violating the treaty, and the lowest value or: being falsely accused of cheating when they
are, in fact, complying. Since the false acc isation is accompanied by strong U.S. action
(i.e., abrogating the treaty), in the worst S-viet Union outcome the Soviets fall behind
the U.S. in underground testing. These value judgments are illustrative; an important use

of the model is to examine the effect of usin: different judgments about Soviet values.

EVALUATION COMPONENT

The final component is shown in the upper right-hand corner of Fig. I. Called the
evaluation component, this element of the framework incorporates judgments of the
relative worth of the assurance, deterrence, and confidence verification goals and the

relative costs of the options.

As in the Soviet action component, a pr mary input to the evaluation component is
the relative U.S. value attached to the sarr 2 combinations of Soviet actions and U.S.
responses. lllustrative values are shown in t e right-hand column of Fig. 4. Note that
the highest-value outcome from this U.S. perspective is assumed to be verified
compliance with the treaty, and the least at -active outcome is successful (undetected)

treaty violation by the Soviets.

rigure 4 also shows the correspondence of the relative values of outcomes to the
three verification goals of deterrence, assura ce, and confidence-building. While there
are no universally accepted definitions of these terms, and therefore no single way to
compute their value, the scheme shown in “ig. 4 provides one way to reflect their
relative importance in the model. More imp.rtantly, this assumed relationship allows

one to test the sensitivity of results to changes in the emphasis on these goals.

-15-



As shown in Fig. 4, a simple way to measure the value of assurance is by the
relative increase in value when Soviet violat ons are detected. Similarly, the importance
of confidence-building could be reflected by the increase in value when false accusations
of Soviet violations are eliminated. Following this same simplified approach, the value
of deterrence could be determined from the difference in U.S. values between the best
outcome when the Soviet Union complies and the best outcome when they violate. The
implication of this highly simplified approach is that in Fig. 4 the following weights are
assigned: assurance, 25; deterrence, 75; ¢1d confidence-building, 20. Alternatively,
these weights imply that the emphasis on issurance and confidence is roughly equal,

while the deterrence goal is judged to be thre = times more important.

Taken together, these models compo-e the decision analysis framework. The
framework considers a wide range of issues, and therefore it provides explicit and
consistent means for incorporating these mportant factors into the evaluation of
options. In addition, the framework facilita es systematic analysis of the sensitivity of
the evaluation to each of these factors, thereby showing the affect of alternate

assumptions and the relative importance of rvsolving differences of opinion.

This concludes our explanation of the d«cision analysis framework. In the following
section, we apply the framework to the evaiuation of the seismic verification options.
Again, output results are discussed. Howev :r, unlike the discussion of the framework,
the following section focuses on the insight: produced by the analysis. Our discussion
concludes with a summary of important issi.2s to be resolved and priorities for future

research.



3. ILLUSTRATIVE EVALUATION Ot” SEISMIC VERIFICATION OPTIONS

While most authorities agree that an in-country seismic network will be required
for adequate verification of a CTBT, there are strongly divergent views on the required
capabilities of that network, especially regarding detection of clandestine low-magnitude
events. For example, Alewine (1985) argues that recent improvements have reduced
signal detection thresholds and that researct should continue with the goal of pushing the
threshold to "as low a level as possible.” In contrast, Dyson (1984) notes that every
increase in low-magnitude detection sensi ivity substantially increases the expected
number of natural seismic events recorde . Due to the difficulties associated with
sorting out clandestine tests from earthqual 2s, a technically superior system that lowers
the threshold and, therefore, raises the cetection rate of seismic events might be
politically unworkable because of a highe frequency of false alarms. Making the
assumption that a high false alarm rate wou 4 be much more troublesome politically than
a low detection rate, Dyson suggests thal seismic monitoring systems should be "as

insensitive as possible,"

These opposing conclusions about the « ptimal seismic monitoring capabilities for a
CTBT reflect the complex set of tradeoffs i volved in deciding what detection capability
is best from the U.S. point of view. In this section we use the decision analysis

framework to examine this question. We als consider two related questions:

0 What factors influence the perfo mance of a given system and thereby affect

the relative values of different sy stems?

0 In what areas of research and de elopment are there crucial needs to resolve

uncertainties or to overcome teci nical problems?

The example is complete in the sense that input data have been provided for all
components of the framework. These data ‘epresent one view of the best estimates of
current seisrnic monitoring capabilities. Ho' rever, many of the subjective inputs related
to political judgments and military testine requirements were chosen to enrich the

example; these particular inputs do not neces ;arily reflect expertise from outside LLNL.



Our presentation of the example follow: the order of Fig. |. Verification system
descriptions are the same as above: we evaluated NTM plus the in-country Simple and
Array networks. We also generalized the Array network capabilities to create a
hypothetical "very low-magnitude" system with median detection capability at magnitude
2.0. This was not intended to represent an, specific system, but rather to provide a

reference point to indicate trends estimated £+ the model at very low magnitudes.
MONITORING EVIDENCE

For the illustrative analysis we have as:;umed (1) that widespread cavity decoupling
is a plausible evasion scenario and (2) that we are concerned with two alternative testing
programs: one that involves many low-yield (I-3 kt) tests, and one involving a few
higher-yield (5-10 kt) tests. Note that the choice of Soviet testing programs against
which the verification options are judged defp=nds on a determination of which programs
are militarily or politically significant. T ese programs, coupled with estimates of

natural seismicity in the Soviet Union, define *he challenge to the monitoring systerns.

Using these inputs, the verification sys 2m and monitoring evidence components of

the model can be used to determine:

o Percent of militarily significant Soviet clandestine tests identified by the

seismic system.
o Number of earthquakes misidentit ed as explosions.
o] Number of unidentified seismic events.

These outputs reflect the assurciwce and confidence verification goals
respectively: the higher the percentage f militarily significant tests identified as
violations, the greater the assurance of de-tection if deterrence fails; the fewer the
numbers of unidentified seismic events and misidentified earthquakes, the greater the
confidence in the treaty. Similar measures re computed by most technical analyses of

the seismic monitoring options.
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Technical output from the monitorine evidence component is provided in Fig. 5.
Figure 5(a) shows the percent of explosior; identified by seismic systems of various
sensitivities. The horizontal axis represeni; the system sensitivity for various seismic
systems, represented by medians of the probability distributions in Fig. 2. For example,
a system sensitivity of magnitude 3.0 me ns that the system has 0.5 probability of
detecting an event of magnitude 3.0. Th: figure illustrates a continuum of seismic
monitoring capabilities, with the three oplions (Array, Simple, NTM) marked on the
horizontal axis. Curves are provided foi both cavity decoupled and fully coupled

explosions of | and 10 kt.

Figure 5(a) clearly illustrates that de ection of even 0% of decoupled low-yield
(1-kt) explosions will require an extensive i1 -country seismic verification network, with
capabilities in the range of the Array option These results support the views of Alewine
quoted earlier. Notice that fully coupled |-kt explosions can be detected with high
likelihood by all systems, and that almost al- 10-kt decoupled explosions are detected by

the Array system.

The results of this example highligtit the need for in-country low-magnitude
monitoring capabilities if (1) cavity decoupling is feasible and (2) low-yield testing is

judged to be militarily or politically significc 1t.

Figure 5(b) illustrates the problem of alse alarms, which Dyson emphasized. The
vertical axis estimates the number of earthc sakes that would be identified incorrectly as
explosions by various seismic verification systems. (In the figure these are called false
alarms.) Note that the Array option woulc make several incorrect identifications in a
single year, and that the number of false aliarms increases exponentially with detection
capability. The false alarm problem is fur her confounded by much larger numbers of
unidentified events, not shown on Fig. 5(b), « nd the perplexing problem of discriminating

between nuclear and chemical explosions.
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Figure 5. A fundamental verification system tradeoff between assurance that violations
will be identified and building confidence by reducing false alarms. The horizontal axis
measures detection capability, with sensit ve systems on the left and less capable
systems on the right. (a) Highly capable sysiems are required to detect 1-kt explosions
detonated in large underground cavities (i.e., decoupled explosions). Larger and coupled

explosions can be detected with less capab e systems.

false alarms occurs as system sensitivity is in reased.
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OVERALL EVALUATION RESULTS

By comparing (a) and (b) of Fig. 5 one can appreciate the conflict between
detection capability and false alarms, whictk underlies the views expressed by Dyson and
Alewine. By using additional rmodel corrponents, one can begin to make explicit
tradeoffs between detection capability and ‘alse alarms, and thereby produce an overall
evaluation of verification options. For exan ple, by expanding the analysis to include the
LU.S. response and Soviet action component:, the user can calculate the probability of
Soviet compliance with the treaty. The pioabability of Soviet compliance can then be
used as a combined performance measur:: that takes into account both detection
(assurance) and false alarm (confidence) corsiderations. This output relates directly to
the deterrence goal: the greater the emphi'sis one places on deterrence, the better the

probability of compliance can be used as a p1axy for the total value of the option.

By expanding the analysis to include the evaluation component (see Fig. I), the
analyst can provide value judgments regarding the overall importance of assurance,
deterrence, confidence, and cost. The modzl can then compute a net value to the U.S.
for each verification option. This net value can, in turn, be used to provide an overall
ranking of the options and, more importani y, to determine how rankings change under

different assumptions and value judgments.

The primary value inputs to the dete mination of net value are benefit and cost
judgments. Illlustrative U.S. value judgme ts were described earlier (Fig. 4). Several
different types of costs are included for eci:h option in this illustrative analysis. These
include the relative cost of installing and ¢ »erating each system as well as the cost of

processing seismic data.

llustrative overall results are shown i Fig. 6. The vertical axis indicates U.S. net
value, taking into account assurance, deter ence, and confidence goals as well as costs.
For easy interpretation, the net value axis has been rescaled so that the current NTM

capabilities have a reference value of zero.

-
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Figure 6. Variation of the overall value of the verification system with system detection
capability (sensitivity) for a "base case" set of assumptions. The net-value scale has been
adjusted to give the current national techniial means (NTM) a value of zero for easy
comparison. The Simple network is of less overall value than the NTM system because it
is more expensive (and more intrusive) and only somewhat more sensitive. The Array
network has a high value because its vastly improved detection capability overshadows
its increased cost. However, systems with even greater detection capability have lower
values than the Array network because of higher costs with improved detection only for
very low-yield (e.qg., |-kt) decoupled explosion:.



Beginning at the right of the figure viith current NTM capabilities and moving to
the left, the curve decreases at first. This is because the Simple seismic system costs
more than NTM but does not substantiall, increase detection capabilities for cavity
decoupled explosions in the |- to |0-kt rai-ge, which in this example are the smallest
tests deemed to be militarily significant. 3etween the Simple and Array options, the
value of improved detection capabilities increases rapidly, thereby causing the "net"
value curve to increase to a maximum a the Array system. However, for lower-
magnitude monitoring systems, the capabili-ies are not substantially better than those of
the Array system, except for very low-vyielc (e.qg., |-kt) decoupled explosions. Yet costs
of the lower-magnitude systermns are assumed to be greater than for the Array network,
so the net value curve falls off rapidly. The :mplication is that for these assumptions and
value judgments the Array option is optim il. However, the judgment that tests below

I kt are not military significant strongly inf!:sences this conclusion.

We will refer to the curve in Fig. 6 ¢ the "base case" comparison of verification
options. The base case results from assumj tions (e.q., the Soviet Union exploits cavity
decoupling) and data and value judgments (e g., those illustrated in Figs. 2 through 4). In
the following section, we will examine the ensitivity of the results illustrated in Fig. 6
to changes in base-case data and assumptions. First, however, we summarize the results

of the illustrative application of the framew irk.
SUMMARY OF BASE-CASE RESULTS

The illustrative analytical results n Fig. 6 compare the relative value of
alternative seismic systemns ranging from sy stems with no internal stations to extensive
in-country array systems. The monitoring challenge of detecting possible clandestine
low-magnitude explosions that have been cc vity-decoupled necessitates an extensive in-
country seismic network. As a result, the r :t value of systems increases with improved
detection capability until the point at which the problems of cost and numerous false
alarms begin to overwhelm the benefits of mnproved detection and reduce the net value
of the most sensitive systems. Once the sy: rems are capable of detecting the militarily

significant tests, greater detection capal:lity is not warranted or, perhaps, even

desirable,



Having the capability to produce a bas:-case graph (such as Fig. é) represents an
important advance in the ability to incorpcrate explicitly and systematically a wide
range of important technical and political factors and judgments in comparing seismic
verification options. However, one must bear in mind the subjective nature of several
inputs to this graph. Therefore, Fig. 6 provides a useful reference for examining the
sensitivity of relative rankings to changes in subjective or uncertain data elements in the

model.
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4. SENSITIVITY ANALYSIS

In this section we assess the sensitivit . of the base-case results in Fig. 6 to changes
in data and assumptions in the model. We noted in the introduction that any
consideration of the capabilities of verific ition options requires interrelated technical
and value judgments. The technical judgm ents include many estimates: e.g., seismic
monitoring capabilities, auxiliary informati n sources, evasion possibilities, and natural
seismicity, The value judgments include th - military significance of clandestine testing

programs or the relative U.S. and Soviet values discussed in Fig. 4.

Our first sensitivity analysis examines 'he importance of technical judgments in the
monitoring evidence component of the mod:l. Specifically, we examine the importance
of cavity decoupling and the level of naturc! seismicity. The second analysis looks at a
value judgment in that same component, na nely the importance of judging the military
significance of possible treaty violation . A third analysis explores potential
improvements in our low-magnitude detecti»n capabilities and discusses their research

and policy implications.

SENSITIVITY TO TECHNICAL JUDGMENTS

Figure 7(a) illustrates three curves each representing different technical
judgments in the monitoring evidence coriponent. The curve labeled "base case"
represents the base-case results from Fig. ¢ However, the scale in Fig. 7(a) has been

changed to accommodate greater variations i+ value than the scale in Fig. 6.

Cavity Decoupling

Recall that in the base case we assume ‘he Soviets will exploit cavity decoupling to
conceal treaty violations. The upper curve n Fig. 7(a) shows a revised comparison of
options when we assume no cavity decouplitig. Comparing this curve to the base case
illustrates two results. First, values are iigher under the assumption of no cavity
decoupling because the verification systems ire assumed practically to assure detection

(and therefore deterrence) of treaty violctions. Relative to the base case, this
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Figure 7. Sensitivity analysis showing how the relative values of the three verification
options change in response to different ass.mptions. The vertical scale has been
compressed to show the much larger range of ‘salues under these assumptions. The base
case (solid black) is repeated from Fig. 6. (a!lf we assume that cavity decoupling (or
similar evasion techniques) are not feasible, the NTM system is the most attractive
because it can detect all the militarily significant tests at no extra cost (dashed line).
Also, if we assume more than three times as many small earthquakes as in the base case,
the NTM system again is the most valuable because it is least liable to produce false
alarms (dotted line). (b) If we decide that all test explosions smaller than 10 kt can be
ignored (instead of | kt, as in the base case), the Simple seismic network becomes the
most attractive because it provides adequate de-tection capability at reasonable cost.
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substantially increases the likelihood of mutual treaty compliance, which is the best

outcome to the U.S. (based on the U.S. value: in Fig. 4).

The second result is that NTM capab iities are adequate if cavity decoupling and
other evasion schemes are not viable. Ther: is no need to take on the problems of false
alarms and costs of in-country systems wnen NTM is virtually assured of providing
adequate verification. Notice that this also mplies that if either side entered the treaty
assuming the other side would not resort to :landestine testing, they would feel no need

for improved verification capabilities.

Natural Seismicity

The lower curve in Fig. 7(a) indicates the sensitivity to the estimates of natural
seismicity in the Soviet Union. The high se smic case estimated roughly 14,000 annual
seismic events of magnitude greater than . .0 compared to 4,000 events of the same
magnitude in the base case. Note that a before, NTM provides the most valuable
verification, as opposed to the Array option in the base case. In the high-seismic case
the cost of processing detected events anc the negative implications of unidentified
events and misidentified earthquakes (false ¢ arms) overshadow any benefit derived from
in-country monitoring capabilities. (This pc nt is also illustrated by the fact that the

high-seismic curve is always below the base c ise.)

In summary, these sensitivity cases iighlight the importance of estimates of
feasibility of cavity decoupling and the degre : of natural seismicity in the Soviet Union.
In the cases shown in Fig. 7(a) the new assum tions about these variables are adequate to

nullify the benefits of in-country monitoring ' jiven the other assumptions and data in the
model).

SENSITIVITY TO MILITARY SIGNIFICANCE ( F VIOLATIONS
In the base case, we assume that a -kt test is the lowest-magnitude of military or

political significance. Figure 7(b) compares t e base case to an assumption that there is

no detrimental impact on the W.S. if the Scviets violate the treaty with yields up to



10 kt. Since we saw in Fig. 5(a) that the limit of the Simple system detection
capabilities is clandestine (decoupled) tests ¢.f approximately 10 kt, it is no surprise that
the Simple system now has the highest value Note also that the 10-kt case is always of
greater value than the base case because we: are more likely to detect the larger tests

for any seismic system, and therefore more likzely to deter violations.
SENSITIVITY TO U.S. INTERPRETATION OF AND RESPONSE TO EVIDENCE

As we saw in Fig. 5(a), the Array syst-m identified about 15% of low-magnitude
(1-kt) explosions, but also misidentified scveral earthquakes as explosions, as was
illustrated in Fig. 5(b). The results seen in !'igs. 5-7 suggest that for this kind of low-
magnitude monitoring, improvements are nee led to deal with the false alarms. Without
those improvements, low-magnitude monito ing might lead to an unacceptably high
likelihood of inappropriate responses by the U.S. to evidence of Soviet violations.
Therefore, we evaluated several potential improvements to the Array-type verification

system and in the process generated several us zful insights.

Event-Count Interpretation of Evidence

Recall the input figure for the U.S. F esponse model, Fig. 3, which showed the
probabilities of the U.S. taking strong, mild, or no action as a function of the strength of
monitoring evidence. The method used for evc uating and interpreting evidence from the
monitoring system must be selected carefuly. For example, one might judge the
strength of the evidence simply by counting the number of apparent violations over a
given period of time (we use one year). We wiil call this the "event-count" approach. In
this case the horizontal axis in Fig. 3 would b "number of events identified seismically
as explosions." A more restrictive requiremen' would be to demand supporting auxiliary

evidence before an event could be counted as e 'idence.

Figure 8 shows four sensitivity cases, ai'd one of them is labeled "event-count."
The horizontal axis has the same measure of the detection capability of verification
options as the earlier figures, although the vertical axis has a new measure of

effectiveness--the probability of the U.S. tak 1g strong action even though the Soviet
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Figure 8. The effect of various changes 1¢ reduce the \'\ke\ihood of mistaken strong
action on the part of the U.S The event.-count method (dot-dash line) indicates a
violation when, in d given period of time, the number of events of various magnhudes
pecomes excessive. A method of interpreting the evidence that compensates for noisY

conditions at small magnitudes reduces the pr(x'bob'\\i’ty of inoppropr\cﬂe responses 10 false
alarms (sotid {ine). Changing the discrimino’r‘on criteria 10 G ow for the large numbers
of innocent smatl shocks also reduces the number of false alarms (dashed line)-

Combining the two changes produces the fewe 1 false alarms (dot ted Jine).
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Union is complying with the treaty. In an ideal verification system, this probability of

inappropriate U.S. response would be zero.

Notice that when the strength of eviilence of a violation is measured using the
event-count approach, the systems such a:; the Array, with low-magnitude detection
capabilities, have higher probability of incopropriate action than do the less capable
Simple and NTM systems. This is beccuse substantial natural seismicity at low
magnitudes would generate several events that appeared to be (and are counted as)
explosions, even though they are actually earthquakes. Under the event-count approach,
sufficient counts would trigger a strong U.S. response even given Soviet compliance.
(Although not shown in Fig. 8, the ultimte result is reduced likelihood of Soviet
compliance and, hence, a reduction in overall system value for the extremely sensitive

seismic systems.)

A fruitful area of improvement in ou capability to deal with false alarms is the
measurement of the strength of evidence. 'he simple event-count approach used above
is based directly on events identified as explosions. The difficulty is that not every event
that appears to be a violation is a violation, 1nd not all violations are equally severe. An
alternative response model can be formiiated that is based on some measure of

confidence in the evidence.

Noise-Compensated Interpretation of Eviden e

In the decision analysis model we ha e developed and incorporated a method of
interpreting evidence that compensates for noisy conditions at low magnitudes. This
interpretation of evidence is used to deteriine the base-case results in Figs. 6 and 7.
The U.S. response in this formulation is ba:ed on estimates of the probability that the
evidence cannot be explained by natural seis nicity (or "noise"). When this probability is

low, then the probability of strong U.S. actio i is high.
The results using this noise-compensat: d response model are shown with the noise-

compensated curve in Fig. 8. The nois -compensated model clearly reduces the

inappropriate responses to false alarms u der the conditions of Soviet compliance.

3



Further calculations using the model indicat that a relatively stable political situation is
possible: i.e., the probability of Soviet compliance is high and the U.S. political response

system has a relatively low false-alarm rate

Changed Discrimination Rule

An alternative approach to reducing 1alse alarms dve to low-magnitude seismicity
is to change the criteria for deciding whether events are earthquakes or explosions.
Typically, the criteria are established thrugh statistical procedures using data from

known sources (earthquakes and explosions). Often, the statistical procedures attempt to

balance the likelihood of misinterpreting ear

Since low-magnitude detection systerr
earthquakes than explosions at low magnit
appropriate.
postulating radical changes to the criteri
earthquakes.
events, and therefore lowers the probal
explosion.

identifying an explosion as an earthquake--is

Using the decision analysi:

rhquakes and explosions.
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model, we evaluated a sensitivity case

for discriminating between explosions and
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Figure 9. U.S. value is sensitive to the U.S. i vterpretation of and response to evidence.
By using a noise-compensated interpretation «f evidence or by changing the criteria for
classifying seismic events as nuclear explosions, the U.S. can increase over a simple
event-counts interpretation its relative net value for all levels of detection capability.
Both of these approaches reduce the number of false alarms (Fig. 8), but the noise-
compensated interpretation does so without screening out true violations. By decreasing
inappropriate U.S. responses, the probability o* Soviet compliance is increased.
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changed discrimination rules increase the net value over the event-count rule for all
seismic systems. This results primarily froia a reduction in inappropriate U.S. responses,

thereby increasing the probability of Soviei compliance. This can lead to a more stable

treaty environment,

On-Site Inspections

Many versions of a CTBT that have b-en considered will permit some form of on-
site inspections (OSls) of suspected nuclec - explosions. Accordingly, our framework
reflects the interaction between OSis and «¢ther monitoring evidence, including seismic
and auxiliary evidence. OSls can confirm a nuclear explosion, provide evidence of a
seismic event other than a nuclear explosior. or provide no evidence. If an OSI confirms
a nuclear explosion or supports the classif cation of an event as an earthquake, this
evidence is assumed to overwhelm all othei monitoring evidence. The role of on-site
inspections in verification must be clearly defined and explained in order to avoid
diminishing the net value of a verification -ystem. For example, one view might hold
that the U.S. could not take strong actio without positive evidence from an OSl,
irrespective of the strength of evidence fror other sources. An alternative view might
be that evidence from OSls is sufficient but not necessary for action. Figure 10 shows
the impact of the first viewpoint on the base case results. Requiring a confirmatory OS5I
before responding to evidence greatly reduce: the net U.S. value. This result reflects the
judgments by experts who believe that on-.ite inspections have a low probability of
detecting evasion. By requiring OSl evidence prior to responding, the Soviet Union is

allowed more leeway for clandestine nuclear 1 :sts without an appropriate U.S. response.

While these results illustrate the import ince of proper treatment of OSI data in the
U.S. decision process, they neglect two vitilly important aspects of OSls that bear
directly on the overall capability of a veri ication system. First, a CTBT may be
structured so that OSls are not necessari v accusatory but are used for building
confidence. Such a treaty may specify a mini num number of OSls per year and thereby
allow the use of OSls to resolve potential alse alarms. Second, and perhaps more
impor tantly, the threat of an OSl is regarded . s a deterrent in that it increases the cost

of evasion, increases evader uncertainty, anc in general limits the benefits from any

~33-



10

Array Simple NTM
Without on-site
3 5 inspections
g
k]
c
s 0
2 / —
2 _—
g + ~osl. "d -
o - evidence
cc 5 / 7 required
7
7
10 ke | N 1
2.0 2.5 3.0 35 4.0

Detection capability, Richter magnitude

Figure 10. Requiring an on-site inspection (O%) to confirm a Soviet nuclear explosion in
violation of a CTBT reduces the relative U.S, net value., The base case (solid black),
without on-site inspections, is repeated fron' Fig. 6. If the U.S. cannot respond to
evidence of Soviet violations without confirmatory evidence from on-site inspections,
relative net U.S. value is lower (dashed lin:) for all but the least capable seismic
verification systems. Such a strict evidence 12quirement allows the Soviet Union extra
leeway for clandestine testing without an apprcoriate U.S. response.
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possible clandestine testing program. Ou  framework and computer model were not
designed to investigate either of these aspe:ts of OSls, and therefore we do not provide

insights or conclusions in these areas.
SUMMARY OF INSIGHTS REGARDING LOW-MAGNITUDE SEISMIC MONITORING

While only illustrative, the analysis presented in this and the preceding sections
does produce several insights into the CTI3T verification problem. First, as long as
cavity decoupling is regarded as a plausib 2 scenario for clandestine testing, a highly
capable network of internal seismic static is will be required. Second, the networks
proposed to meet this requirement are mor:: extensive than systems considered several
years ago. However, the value of the highly capable network is potentially compromised

by the threat of false alarms and the ambigu ty of unidentified events.

Technological advances, particularly in the areas of event discrimination and
processing procedures for large numbers of :vents, can improve the situation, but these
improvements, due to increased noise, ar< only partial solutions to the verification
problem. Preliminary analysis suggests th(t near perfection is required if reliance is
placed on technological restrictions alone. \ procedure for responding to evidence that
takes into account the noise levels encount: red at low magnitudes can be designed that

leads to deterrence and stability.

A third important insight is that ther. will always be residual uncertainty on the
part of the monitoring party; i.e., there is sc ne level of testing that could be carried out
under this system without detection or response. A critical component of any CTBT
evaluation must be the joint consideratior. of verification capabilities and levels of

militarily significant testing.

Additionally, the analysis makes clear ‘hat any evaluation of the ability to verify a
CTBT must include all aspects of the verification system: interpretation and response
procedures, technical aspects of the system., and the manner in which the evidence is
integrated. Improvements in one part of th system, such as the ability to detect low-
magnitude events, can be counterproductive nless other aspects of the system, including

the basis for making response decisions, are s:milarly improved.
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Having the capability to complete such in integrated analysis allows one to test the
sensitivity of the conclusions to several subjective judgments. The integrated analysis
allows one to determine the differences c¢” opinion that matter most and to focus

attention on resolving them.



5. CONCLUSIONS

In-country seismic verification system- are designed to help verify compliance with
future treaties limiting or banning nuclea weapons testing. We have developed an
analytic evaluation framework that prov des a systematic approach for specifying
verification options, determining the benefiis they provide, and balancing their benefits
with impacts such as cost or intrusiveness The framework extends earlier technical
assessments by considering seismic system :apabilities in a broader context, taking into
account other forms of monitoring evidence, U.S. responses to evidence, and the
interaction between U.S. and Soviet decis »n-making. The framework can be used to
evaluate various seismic systems, altern.:tive treaty provisions related to seismic
verification, and research and development directed toward improving verification

capabilities.
FUTURE DIRECTIONS

The analysis to date has confirmed several important topics that earlier technical
studies have identified as needing future research. These include: event discrimination
at low magnitudes, potential evasion by cavity decoupling, high-frequency monitoring
capabilities, background seismicity in the soviet Union, and procedures for processing
relatively large numbers of events. The i nportance of these technical issues is clear.
Very low false alarm rates are required ior political stability given postulated (and
credible) levels of background seismicity In order to assess whether widespread
opportunities for evasion via cavity decousling exist in the Soviet Union, we need (I)
detailed evaluation of the feasibility of cav ty decoupling and (2) more knowledge of the
strength and spectrum of the signal prod ced. In order to assess whether the high-
frequency detection method provides a 1:chnological solution for either the cavity
decoupling or false alarm problem, the mi:thod needs to be evaluated rigorously with
respect to assumptions about noise levels propagation efficiency, and discrimination
potential. Finally, background seismicity levels need to be estimated accurately in order
to assess the information load on the mon:toring system as well as to provide input to

event interpretation procedures.



In addition, the analysis has identified -qually important considerations related to
the evaluation and interpretation of evideice from the monitoring system. These
considerations include methods for integrai ng diverse monitoring evidence, decision
rules for separating explosions from natural seismic events (and making judgments about
treaty compliance or violation), protocols fo  dealing with anticipated large numbers of
chemical explosions that cannot be discriminated from low-yield clandestine nuclear
tests, and procedures for interpreting and re sponding to monitoring evidence generated

under noisy monitoring conditions.

The analysis also highlights the importince of rigorous evaluation of the possibie
impact of violations. While the analysis has identified verification systems that
encourage compliance and political stability there remains some level of clandestine
testing that could be undertaken. These poi=ntial violations need to be evaluated with
respect to: short-term military significanc ; political impact; and, most importantly,
long-term significance, including the impact »f a treaty breakdown after some period of

time.

DECISION ANALYSIS DEVELOPMENT

We are currently expanding the scoje of the decision analysis framework to
consideration of the Low-Yield Threshold Te:t Ban Treat (LYTTBT). In this work we are

examining several additional issues and devel ping quantitative models to analyze:

o The relative U.S. and Soviet val 'es of underground testing at various yield
levels,

o The benefits of limiting testing tc those levels.

o} Uncertainties associated with v rification of a LYTTBT, both on and off

testing sites.

We are also developing a workshop to trair potential users of the CTBT model and to
demonstrate the usefulness of the decision - nalysis approach to various members of the

verification community.
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